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Disk diffusion testing is widely used to detect methicillin resistance in staphylococci, and cefoxitin is currently considered the
best marker for mecA-mediated methicillin resistance. In low-inoculum diffusion testing (colony suspension at 106 CFU/ml), the
addition of moxalactam in combination with cefoxitin has been reported to improve on cefoxitin alone for the detection of
methicillin-heteroresistant staphylococci. However, moxalactam is absent from EUCAST and CLSI guidelines, which use high-
inoculum diffusion testing (colony suspension at 108 CFU/ml), calling into question the potential interest of including moxalac-
tam in their recommendations. The inhibition zone diameters of cefoxitin and moxalactam, alone and in combination, were
evaluated for concordance with mecA and mecC positivity in a large collection of clinical Staphylococcus isolates (611 Staphylo-
coccus aureus, Staphylococcus lugdunensis, and Staphylococcus saprophyticus isolates and 307 coagulase-negative staphylococci
other than S. lugdunensis and S. saprophyticus isolates, of which 22% and 53% were mecA-positive, respectively) and in 25
mecC-positive S. aureus isolates using high-inoculum diffusion testing. Receiver operating characteristic, sensitivity, and speci-
ficity analyses indicated that the detection of mecA- and mecC-positive and negative isolates did not improve with moxalactam,
either alone or in combination with cefoxitin, compared to cefoxitin alone. These findings were similar in both the S. aureus/S.
lugdunensis/S. saprophyticus group and in the coagulase-negative staphylococci group. Our results do not support the use of
moxalactam as an additional marker of methicillin resistance when testing with high-inoculum disk diffusion.

Staphylococcus aureus is an important human pathogen that
causes a wide variety of community- and health care-associ-

ated infections (1). This pathogen has a proven ability to adapt to
the selective pressure of antibiotics. S. aureus was initially methi-
cillin-susceptible, but isolates resistant to this antibiotic were
identified soon after its introduction (2), first in hospital settings
and currently in the community and in livestock (3, 4). Methicil-
lin-resistant S. aureus (MRSA) is currently a major cause of mor-
bidity and mortality worldwide (5).

Coagulase-negative staphylococci (CoNS) have been increas-
ingly recognized to cause clinically significant infections, and
CoNS were reported to be one of the most common pathogens
responsible for nosocomial infections (6). As observed with S.
aureus, CoNS were initially susceptible to methicillin, but the
emergence of methicillin-resistant CoNS rapidly followed that of
MRSA (7), and CoNS eventually became predominant in hospital
settings.

The main mechanism of staphylococci resistance to methicillin
is the production of an auxiliary penicillin-binding protein (PBP),
PBP2a, encoded by the mecA gene, or its variant mecALGA251,
which has been renamed mecC and its product designated PBP2c
(8, 9). PBP2a and PBP2c expression renders the isolate resistant to
all �-lactams, except for the new subclass of cephalosporins with
anti-MRSA activity consisting of ceftaroline and ceftobiprole,
which have sufficiently high affinity for PBP2a (8, 10). The mecA
and mecC genes are foreign to the core genome of staphylococci,
and they are not present in methicillin-susceptible strains (9, 11).

Methicillin resistance can be detected phenotypically by disk
diffusion testing (12) with �-lactam molecules, such as oxacillin
or cefoxitin. However, heterogeneous expression of PBP2a resis-
tance particularly affects the results obtained with oxacillin (13).

In contrast, cefoxitin is a very sensitive and specific marker of
mecA-mediated methicillin resistance, and it is considered the
agent of choice for disk diffusion tests (14). Until 2013, the Comité
de l’Antibiogramme de la Société Française de Microbiologie
(CA-SFM) recommended additional testing with moxalactam, an
oxacephem, together with cefoxitin for the detection of mecA-
mediated methicillin resistance (http://www.sfm-microbiologie
.org/). This recommendation was based on the observation that
disk diffusion with both cefoxitin and moxalactam was more ac-
curate than cefoxitin alone in differentiating heteroresistant S.
aureus and CoNS isolates from methicillin-susceptible isolates at
low inoculum levels (colony suspension at 106 CFU/ml) (15–17).
However, scarce discrepant data, available only at higher inocu-
lum levels (colony suspension at 108 CFU/ml), have led to ques-
tions regarding a potential interest in including moxalactam in the
EUCAST and CLSI recommendations (17, 18).
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Here, we reexamined the performance of cefoxitin and moxa-
lactam alone and in combination to discriminate mecA-positive
and mecC-positive from mecA-negative and mecC-negative staph-
ylococci with the disk diffusion method at a high inoculum level
(colony suspension at 108 CFU/ml).

MATERIALS AND METHODS
Bacterial collection. During a 6-month period (1 May 2014 to 31 Sep-
tember 2014), we collected all clinically significant Staphylococcus isolates
that were either cultivated from diverse human clinical specimens sent to
the clinical laboratory of the Centre Hospitalier, Lyon Sud, or transmitted
to the French National Reference Center for Staphylococci (FNRCS), for
expert consultation. Of note, staphylococcal isolates are typically referred
to the reference center by French clinical laboratories for clinically severe
infections or a particular antimicrobial susceptibility pattern. Because
mecC-positive human isolates are uncommon in clinical practice, 25 were
randomly selected from within an international collection of representa-
tive strains belonging to the various European clones that harbor this gene
(clonal complex 130 [CC130], n � 12; CC1943, n � 8; CC425, n � 5)
from the FNRCS strains collection. Expression of PBP2c by these strains
was confirmed using the PBP2a culture colony test (Alere, Scarborough,
MA) after induction (i.e., using colonies around the cefoxitin disk),
thanks to the cross-reaction of this immunoassay with PBP2c.

Because all of these isolates were collected anonymously and no clin-
ical data were recorded, this study did not require specific ethics approval
and patient consent was not sought in accordance with French regula-
tions. Species were identified with the Vitek MS (bioMérieux) matrix-
assisted laser desorption ionization–time of flight (MALDI-TOF) system
according to manufacturer recommendations. S. aureus CIP 65-8T
(MRSA) and ATCC 25923 (mecA-negative) were used as the quality con-
trols for all of the experiments.

mecA and mecC detection. Genomic DNA was extracted from the
cultures of all staphylococcal isolates with a standard procedure. These
DNA extracts served as the templates for PCR amplification with primers
previously shown to be specific for mecA or mecC, strictly following the
protocol described by the authors (19, 20). mecA and mecC expression was
detected using the PBP2a culture colony test (Alere, Scarborough, MA)
after induction (i.e., using colonies around the cefoxitin disk) as previ-
ously described (20).

Susceptibility testing. Disk diffusion tests were performed according
to EUCAST instructions (http://www.eucast.org) with Mueller-Hinton
agar plates (Mueller-Hinton 2; bioMérieux, Marcy l’Etoile, France), a bac-
terial suspension in 0.9% NaCl solution at a density equivalent to a 0.5
McFarland barium sulfate standard (1 to 2 108 CFU/ml), and disks loaded
with moxalactam (30 �g) and cefoxitin (30 �g) (I2A, Toulouse, France).
After incubation, inhibition zone diameters (IZDs) were measured with
an automated plate reader (SirScan; I2A) and reviewed manually by the
operator when required. When heterogeneous growth occurred, the in-
nermost limit of the inhibition zone was read. S. aureus CIP 65-8T
(MRSA) and ATCC 25923 (mecA-negative) served as the quality controls
in each series of plates. The cefoxitin IZD was interpreted based on the
EUCAST breakpoint. Results for these control strains were concordant in
all series.

As advised by EUCAST, staphylococcal species were divided into two
groups for IZD interpretation. The first group comprised S. aureus, Staph-
ylococcus lugdunensis, and Staphylococcus saprophyticus with a cefoxitin
IZD breakpoint for resistance (R) of �22 or 25 mm according to
EUCAST/CLSI or CA-SFM guidelines, respectively. The second group
included other CoNS with R breakpoints of �25 or 26 mm, respectively
(http://www.eucast.org; http://www.sfm-microbiologie.org/) (21).

The MIC of oxacillin was determined by the broth microdilution
method and interpreted following EUCAST recommendations (21).

Statistics. We applied receiver operating characteristic (ROC) curve
analyses to evaluate the performance of each molecule in detecting mecA
positivity, independent of the chosen breakpoint. Pointwise estimates of

the area under the ROC curve are reported with 95% confidence intervals
(CIs). Comparisons between estimates were made using Delong’s method
(22). ROC computations were performed with the pROC software pack-
age (23). The optimal breakpoints for mecA and mecC detection in our
collection, as well as for discrimination of mecA- and mecC-positive S.
aureus, were computed by maximizing the sum of sensitivity and speci-
ficity (Youden’s index). The sensitivity and specificity were compared
among different cefoxitin breakpoints and among different combinations
of molecules with McNemar’s test. The significance threshold was set to
0.05 for all tests. No P value correction for multiple testing was applied,
which is consistent with the exploratory nature of the study. All compu-
tations were performed with R software version 3.0.1 “Good Sport” (The
R Foundation for Statistical Computing, Vienna, Austria).

RESULTS AND DISCUSSION

A total of 918 staphylococcal isolates were collected during the
6-month period of this study. These isolates included 597 S. aureus
isolates, 9 S. saprophyticus isolates, 5 S. lugdunensis isolates, and
307 CoNS. The distribution of mecA positivity among the remain-
ing 918 different isolates is shown in Table S1 in the supplemental
material. We found mecA in 130/597 S. aureus isolates, 1/5 S. lug-
dunensis isolate, 0/9 S. saprophyticus isolates, and 164/307 CoNS.

The distribution of cefoxitin and moxalactam IZDs for S. au-
reus, S. lugdunensis, S. saprophyticus, and CoNS is shown in Fig. 1.
In mecA-positive and mecC-positive S. aureus, S. lugdunensis, and
S. saprophyticus isolates, cefoxitin IZDs ranged from 6 to 28 mm
(median, 16 mm) and moxalactam IZDs ranged from 6 to 23 mm
(median, 16 mm). One mecA-positive S. lugdunensis isolate and
five mecC-positive S. aureus isolates repeatedly had cefoxitin IZDs
that were greater than the EUCAST breakpoint (Table 1). The six
isolates with cefoxitin IZDs that were greater than the EUCAST
breakpoint expressed additional PBP2a or PBP2c after induction;
however, 2/6 isolates had oxacillin MICs that were below 2 mg/
liter, suggesting a low expression of PBP2c by these isolates.

In mecA-negative S. aureus, S. lugdunensis, and S. saprophyticus
isolates, cefoxitin IZDs ranged from 15 to 39 mm (median, 29
mm) and moxalactam IZDs ranged from 18 to 40 mm (median, 28
mm). One mecA-negative S. aureus isolate repeatedly had a
15-mm cefoxitin IZD, which was below the breakpoint, with an
18-mm moxalactam IZD. This isolate tested negative for mecC in
PCR experiments and did not produce high levels of �-lactamase
(data not shown). Its oxacillin MIC was 0.25 mg/liter (Table 1).
We did not detect the production of additional PBP with the
PBP2a culture colony test assay after induction with cefoxitin.
These findings led us to suspect that this isolate expresses PBP
variants with low affinities for �-lactams (24).

In mecA-positive CoNS, cefoxitin and moxalactam IZDs
ranged from 6 to 30 mm (median, 17 mm) and from 6 to 25 mm
(median, 12 mm), respectively. Only one mecA-positive Staphylo-
coccus epidermidis isolate repeatedly had cefoxitin IZDs that were
greater than the 25-mm EUCAST breakpoint with an oxacillin
MIC at 4 mg/liter and a positive PBP2a culture colony test after
induction with cefoxitin (Table 1). Finally, all mecA-negative
CoNS isolates had cefoxitin IZDs that were above the breakpoint,
ranging from 26 to 40 mm (median, 32 mm), and the moxalactam
IZDs ranged from 18 to 36 mm (median, 27 mm).

In the ROC analysis, cefoxitin and moxalactam as markers of
mecA positivity had similar discriminatory power, which was in-
dicated by their similar areas under the ROC curve (Fig. 2; see also
Table S2 in the supplemental material). The calculated optimal
breakpoints for the S. aureus/S. lugdunensis/S. saprophyticus group
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and for the group of other staphylococcal species were, respec-
tively, an R of �23 mm and an R of �25 mm for cefoxitin and an
R of �24 mm and an R of �21 mm for moxalactam. Compared to
the cefoxitin breakpoints recommended by EUCAST and CLSI for
both groups, our calculated breakpoints differed by only 1 mm for
the S. aureus/S. lugdunensis/S. saprophyticus group and matched
perfectly for other CoNS. This finding highlights the remarkable
stability of cefoxitin IZD distributions across different strain col-
lections.

We used McNemar’s test to compare the sensitivity and spec-
ificity of mecA detection with different cefoxitin breakpoints (our
calculated breakpoints, those from the EUCAST and CLSI guide-
lines, and those from CA-SFM EUCAST guidelines) and for the

combination of cefoxitin and moxalactam (see Table S3 in the
supplemental material). For all of the clinical breakpoints used,
discrimination between mecA-positive and mecA-negative strains
in the S. aureus/S. lugdunensis/S. saprophyticus group and the
CoNS groups was not superior using moxalactam, alone or in
combination with cefoxitin, compared to that using cefoxitin
alone. Thus, additional testing with moxalactam did not improve
the performance of disk diffusion testing in our collection. In
contrast, 6/8 discordant isolates with cefoxitin IZDs were correctly
reclassified using oxacillin MICs. Values reached 8/8 based on the
PBP2a culture colony test assay after induction. The results sug-
gested that the addition of the oxacillin MIC or expression of
additional PBP2 in the cefoxitin disk diffusion test is more effi-
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FIG 1 Distribution of inhibition zone diameters for 30-�g cefoxitin disks and 30-�g moxalactam disks. The cultures tested included 597 S. aureus isolates, 5 S.
lugdunensis isolates, and 307 CoNS. White, mecA-positive; gray, mecC-positive; black, mecA-and mecC-negative.

TABLE 1 Results observed with isolates with aberrant cefoxitin inhibition zone diameters

Isolate Species Gene

Inhibition zone diameter
(mm)a

Oxacillin MIC (mg/liter)a PBP2a/c productionbCefoxitin Moxalactam

ST20110751 S. aureus mecC 25 24 4 Positive
ST20110820 S. aureus mecC 26 24 0.5 Positive
ST20112295 S. aureus mecC 23 22 16 Positive
ST20112313 S. aureus mecC 25 26 8 Positive
ST20112317 S. aureus mecC 23 22 0.5 Positive
ST20131725 S. aureus 15 28 0.25 Negative
14016737201 S. lugdunensis mecA 28 23 4 Positive
15031834601 S. epidermidis mecA 30 25 4 Positive
a Inhibition zone diameters and oxacillin MICs were determined following EUCAST recommendations (disks loaded with 30 �g of cefoxitin or moxalactam). The presence of mecA
and mecC genes was determined by specific PCR as described in the Material and Methods.
b PBP2a and PBP2c production was detected by an immunochromatographic method after induction using colonies around cefoxitin.
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cient in improving detection of MRSA than the addition of the
moxalactam disk diffusion test.

In contrast to observations by Join-Lambert et al. (17), our
results did not indicate that any performance benefit can be ex-
pected from systematic addition of moxalactam testing at high
inoculum levels for discriminating between mecA-positive and
mecA-negative staphylococci. The argument of Join-Lambert et al.
for moxalactam use was that this molecule may be better than
cefoxitin for detecting heteroresistant isolates. Their study and
ours were performed with strain collection from different time
periods, and the prevalence of staphylococcal methicillin hetero-
resistance may have changed in France between 2006 and 2014
(Join-Lambert et al. study [17] and our collection, respectively).
We hypothesize that the use of a higher inoculum may have
attenuated the difference in performance between cefoxitin
and moxalactam for detecting heteroresistant isolates as previ-
ously noted by Roisin et al. (18). Overall, the results of this
study suggest that cefoxitin should remain the preferred
marker for detecting methicillin resistance in current disk dif-
fusion testing protocols.
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